Assessing the impact of restricted intrauterine growth on neonatal frontal lobe (FL) dimensions is important. We aimed to create a sonographic nomogram of FL dimensions in neonates at different gestational ages (GA) and evaluate the impact of small head circumference (HC) on FL dimensions. We conducted sonographic biometry of the FL at birth. We included 218 newborn infants born at GA of 24 -43 wk: appropriate for GA and normal HC (n ϭ 178), and small for GA and small HC (n ϭ 23). Infants with a 5-min Apgar score Ͻ7, severe congenital malformations, or chromosomal abnormalities were excluded. Through a coronal ultrasound scan via the anterior fontanelle at the level where the most lateral point of the left Sylvian fissure was best demonstrated, we drew a triangle connecting the most lateral point of the Sylvian fissure, the corpus callosum, and the subcalvarian point of the interhemispheric fissure. We measured the three sides of the triangle, Sylvian-fontanellar distance, Sylvian-callosal distance, and fontanellar-callosal distance, and calculated the frontal triangular area. All four FL dimensions increased significantly between 24 and 43 wk of gestation in both appropriate for GA-normal HC and small for GA-small HC neonates, and were strongly correlated with HC and birth weight. Regression lines of GA against Sylvian-fontanellar distance, Sylvian-callosal distance, fontanellar-callosal distance, and frontal triangular area in the appropriate for GA-normal HC group differed significantly from those of the small for GA-small HC group (p Ͻ 0.05). Male neonates had significantly larger Sylvianfontanellar and Sylvian-callosal distances than females (p Ͻ 0.01 and p Ͻ 0.015, respectively). In conclusion, FL measures increased significantly between 24 and 43 wk of gestation, and were strongly correlated with HC. We speculate that a sonographically small fetal HC implies growth restriction of the fetal FL. The FL constitutes approximately one third of the cerebral hemisphere. Growth of the FL is essential for achieving normal cognitive functions and intelligence (1-4). Previous US studies have shown that FL hypoplasia and microcephaly in the fetus are very much interrelated (5-10), and that delayed growth of the fetal FL is significantly associated with fetal microcephaly (10). Furthermore, a shortened or small FL on fetal US has been suggested as a marker for fetal trisomy 21 (5, 7, 9).
Assessing the impact of restricted intrauterine growth on neonatal frontal lobe (FL) dimensions is important. We aimed to create a sonographic nomogram of FL dimensions in neonates at different gestational ages (GA) and evaluate the impact of small head circumference (HC) on FL dimensions. We conducted sonographic biometry of the FL at birth. We included 218 newborn infants born at GA of 24 -43 wk: appropriate for GA and normal HC (n ϭ 178), and small for GA and small HC (n ϭ 23). Infants with a 5-min Apgar score Ͻ7, severe congenital malformations, or chromosomal abnormalities were excluded. Through a coronal ultrasound scan via the anterior fontanelle at the level where the most lateral point of the left Sylvian fissure was best demonstrated, we drew a triangle connecting the most lateral point of the Sylvian fissure, the corpus callosum, and the subcalvarian point of the interhemispheric fissure. We measured the three sides of the triangle, Sylvian-fontanellar distance, Sylvian-callosal distance, and fontanellar-callosal distance, and calculated the frontal triangular area. All four FL dimensions increased significantly between 24 and 43 wk of gestation in both appropriate for GA-normal HC and small for GA-small HC neonates, and were strongly correlated with HC and birth weight. Regression lines of GA against Sylvian-fontanellar distance, Sylvian-callosal distance, fontanellar-callosal distance, and frontal triangular area in the appropriate for GA-normal HC group differed significantly from those of the small for GA-small HC group (p Ͻ 0.05). Male neonates had significantly larger Sylvianfontanellar and Sylvian-callosal distances than females (p Ͻ 0.01 and p Ͻ 0.015, respectively). In conclusion, FL measures increased significantly between 24 and 43 wk of gestation, and were strongly correlated with HC. We speculate that a sonographically small fetal HC implies growth restriction of the fetal FL. The FL constitutes approximately one third of the cerebral hemisphere. Growth of the FL is essential for achieving normal cognitive functions and intelligence (1) (2) (3) (4) . Previous US studies have shown that FL hypoplasia and microcephaly in the fetus are very much interrelated (5) (6) (7) (8) (9) (10) , and that delayed growth of the fetal FL is significantly associated with fetal microcephaly (10) . Furthermore, a shortened or small FL on fetal US has been suggested as a marker for fetal trisomy 21 (5, 7, 9) .
US biometry of the FL in the fetus has been previously investigated and is well-described in the medical literature (5, (7) (8) (9) (10) . To the best of our knowledge, however, there are no reports of US FL biometry in neonates. Previous US studies of the fetal head (axial scans) were based on three different measurements for the estimation of the fetal FL size: 1) from the inner calvaria to posterior cavum septum pellucidum (8); 2) frontothalamic distance, i.e. from the frontal bone to posterior edge of thalamus (5, 7, 9, 10) ; and 3) FL distance, i.e. from the anterior edge of the frontal horns of the lateral ventricles to the frontal bone (10) .
FL hypoplasia in the fetus might cause delayed growth of the fetal head and could result in microcephaly and mental retardation (11) . We assumed that the US dimensions of the neonatal FL at birth reflect those of a fetus at the same GA, and that they will be influenced by GA and HC. Therefore, we developed a novel model for US biometry of the FL and established a nomogram of neonatal FL dimensions across various GAs. We also evaluated the impact of fetal growth restriction and microcephaly on the FL growth profile.
PATIENTS AND METHODS
Serial US scans of the neonatal brain for ruling out hemorrhage are routine procedures for all premature newborn infants hospitalized in our neonatal intensive care unit at Meyer Children's Hospital, Haifa, Israel. Therefore, obtaining parental informed consent was not necessary.
Study population. The study population consisted of 218 newborn infants who were hospitalized in the neonatal intensive care unit for more than 24 h, and were born between 24 and 43 wk of gestation at Rambam Medical Center between November 1, 2001, and December 31, 2002. Infants with a 5-min Apgar score Ͻ7, severe congenital malformations, or chromosomal abnormalities were excluded. GA was calculated based on the date of the last menstrual period, early first trimester US data, and measurement of transcerebellar distance after birth (12) . Dubowitz examination was not performed.
Of 218 studied neonates, 62 were term neonates and 156 were preterm neonates. Table 1 demonstrates the demographic and perinatal characteristics of the study population. Most of the studied neonates were singleton infants, AGA, normal HC, and delivered by head presentation.
Study groups. HC was measured at 24 h of life to minimize the impact of cranial s.c. edema, often seen after birth, on HC measurement. AGA status and normal HC were defined as birth weight and HC values, respectively, between the third and 97th centiles (13) . SGA and small HC were defined as birth weight and HC Ͻ third centile (13) . These definitions are widely used by most neonatologists. The 218 studied neonates were distributed as follows: 178 AGA-normal HC, 23 SGAsmall HC, eight SGA-normal HC, five AGA-small HC, and four large for GA-normal HC neonates.
FL measurements. The US examinations were performed with a 128-XP scanner (Acuson, Mountain View, CA, U.S.A.) and a 5-to 7-MHz linear transducer. Between 4 and 36 h of life, we scanned the left FL in each neonate. A coronal scan was obtained via the anterior fontanelle at the level where the most lateral point of the left Sylvian fissure was best demonstrated (Fig. 1) . The precision of the electronic scale was 0.1 mm.
Using electronic calipers we created a triangle connecting the most lateral point of the Sylvian fissure, the corpus callosum where it crosses the interhemispheric fissure, and the subcalvarian point of the interhemispheric fissure (hereafter, fontanelle) and measured its three sides: SFD, SCD, and FCD, and then calculated the FTA:
where a, b, and c represent the sides of the triangle ( Fig. 1) . Three of the authors (I.R.M., M.S., P.S.) conducted a preliminary pilot study and performed US measurements in a small group of infants (seven AGA neonates, results not included). Consensus was achieved regarding scanning consistency and the identification of intracranial landmarks, as the inter-and intraobserver error was 0 -1 mm.
Statistical analysis. Statistical analysis was performed using SPSS (SPSS Inc., Chicago, IL, U.S.A.). To detect variables with independent effect on each US dimension of the FL, univariate analysis was performed for each of the following perinatal variables: GA, birth weight, sex, presentation, mode of delivery, and plurality. Only variables with statistical significance of Ͻ0.1 were then included in the multiple regression analysis model (14) . Because of the very strong statistical relationship between HC and each of the FL dimensions, HC was excluded from the regression analysis. Comparison of the slopes and intercepts of regression lines among the study groups was assessed by regression analysis. A p value of less than 0.05 was considered statistically significant. LGA, large for GA. 
FL dimensions in the study groups
AGA-normal HC neonates. Table 2 demonstrates the mean values of frontal lobe US dimensions (SFD, SCD, FCD, FTA) among the AGA-normal HC group across various gestational weeks. Significant linear growth functions (p Ͻ 0.001) were found between GA and SFD ( Fig. 2A), SCD (Fig. 3A) , FCD (Fig. 4A), and FTA (Fig. 5A) . In addition, significant linear growth functions (p Ͻ 0.001) were found between HC and SFD (Fig. 2B), SCD (Fig. 3B), FCD (Fig. 4B), and FTA (Fig.  5B; Table 3 ).
SGA-small HC neonates. Significant linear growth functions (p Ͻ 0.001) were found between GA and SFD ( Fig. 2A) , SCD (Fig. 3A), FCD (Fig. 4A), and FTA (Fig. 5A ). In addition, significant linear growth functions (p Ͻ 0.001) were found between HC and SFD (Fig. 2B), SCD (Fig. 3B), FCD (Fig. 4B) , and FTA ( Fig. 5B; Table 3 ).
Comparison of study groups. The AGA-normal HC group and the SGA-small HC group differed significantly (p Ͻ 0.05) regarding the slopes and the intercepts of the regression lines of GA against SFD, SCD, FCD, or FTA (Figs. 2-5 ). However, these two groups were not statistically significantly different as to the slopes and the intercepts of the regression lines of HC against SFD, SCD, FCD, or FTA. Table 4 shows the results of the regression analysis model that included three perinatal variables that were significant in the univariate analysis: GA, birth weight, and sex. All four FL dimensions were significantly correlated with birth weight. Except for FCD, the other three FL dimensions were independently significantly correlated with GA. In addition, SFD and SCD were significantly larger in male compared with female neonates. Mode of delivery, presentation, and plurality were not statistically correlated with FL dimensions.
Perinatal variables and FL dimensions

DISCUSSION
Our results show that the dimensions of the FL (SFD, SCD, FCD, and FTA), as measured by US after birth, increased significantly during the course of gestation and were strongly correlated with HC in both AGA-normal HC and SGA-small HC neonates. These two groups differed significantly as to the regression lines of GA against each of the four studied FL measurements. In addition, male neonates had significantly larger SFD and SCD than female neonates. Neonatal head shape had no effect on all four measured FL sonographic variables, as evidenced by lack of significant effect of fetal presentation on these measurements.
Besides US, other imaging techniques have been used for measuring the volume of the FL. These included quantitative MRI (1, 15) , three-dimensional MRI (16 -20) , singlephoton emission computed tomography (2), and computed tomography of the brain that measured the frontal force index (11) . The temporal lobes have also been examined by US in infants by Sasaki et al. (21) ; however, their study described the optimal coronal plane for the visualization rather than for assessment of the growth profile of these lobes. Although MRI of the brain might offer some advantages over US in terms of better assessment of FL volume and white matter thickness, MRI is impractical as a bedside screening modality in neonatal units.
The SGA-small HC neonates (body weight and HC Ͻ third percentile) in our study had significantly smaller SFD, SCD, FCD, and FTA than their AGA-normal HC mates, across GA. It appears that fetuses who experienced severe IUGR commencing before 32 wk gestation already had growth-restricted FL. This is contrary to the reported growth profile of the fetal cerebellum (12) , in which 60.7% of the SGA-small HC neonates had a preserved cerebellar width at birth. Hence, contrary to the cerebellum, it appears that the FL is more affected by slowed head growth in the fetus. Further studies are needed to assess the vulnerability of other cerebral lobes to severe IUGR.
Our observations regarding the smaller FL dimensions of the SGA-small HC neonates are in agreement with the reports on delayed growth of the FL in fetuses with severe IUGR and microcephaly (10) . Additional conditions that were reportedly associated with a small or slow-growing FL in infants and children include trisomy 21 (5, 7, 9) , epilepsy (1), severe mental retardation (11) , and malnutrition (17) . In adults with schizophrenia, MRI showed a reduced volume of FL, with a corresponding increase in the volume of sulcal fluid (15) . Also, FL dysplasia in adults was found to be associated with lower intelligence and epileptic attacks (2) . Women with fragile-X gene syndrome were found to have FL dysfunction expressed as behavioral and cognitive deficits (3). In addition, a neuropsychological study of the FL in children with mental retardation (4) showed that they display FL-related behavioral disturbances. Hence, investigation of future FL function in these neonates would be of great interest. Using our model, the FL dimensions correlated strongly with HC, and it appears that measurement of HC after birth reliably reflects the size of the FL in neonates, independent whether the third or the 10th percentile of HC was used as a cutoff line between normal HC and small HC. The main fact is that a small head (small HC) means a small FL, which is not always the case when the fetal cerebellum is concerned (12). Our method for US assessment of the neonatal FL proved to be simple, fast, and reproducible, although it is practical only as long as the anterior fontanelle is sufficiently open. When the US coronal plane is scanned through the anterior fontanelle, the Sylvian, callosal, and frontal landmarks are easily identified.
Of the four FL dimension parameters as measured in our study, SFD and SCD showed a stronger correlation with GA, HC, and birth weight than FTA, whereas FCD, albeit statistically significant, displayed the weakest relationship (Table 3 and Figs. 2-5 ). This makes SFD and SCD the optimal candidates for rapid US assessment of the neonatal FL. However, in view of the significant differences between male and female SFD and SCD, one might consider creating separate nomo- Conforming with the fact that the FL comprises about one third of the cerebral hemisphere, SGA-small HC neonates have smaller FL than their AGA-normal HC mates, and a decrease in FL size will lead to a reduction of HC. Previous reports have observed an association between SGA-small HC status and subsequent behavioral, neurologic, and intellectual impairments. Frisk et al. (22) have recently shown that IUGR that slows brain growth in utero impairs the acquisition of some cognitive and academic abilities, even when followed by good catch-up head growth after birth, whereas poor brain growth in utero followed by little or no catch-up head growth results in widespread impairments of cognitive abilities and literacy skills.
Our data may be of help for perinatologists and neonatologists when they are confronted with severe fetal IUGR and small head, or with an SGA-small HC neonate. In both conditions, parent counseling should include information regarding small HC, small FL, and the possibility of an increased risk for future neuro-intellectual sequelae. Moreover, a small head, i.e. small FL, in a third-trimester fetus Pitfalls of our study include 1) lack of neurologic and developmental follow-up of the infants studied, namely those with small HC and small FL. Hence, future prospective studies are warranted to assess the effect of small FL dimensions on future neurodevelopmental status; 2) a small number of SGA-normal HC neonates, as the US profile of the FL in these neonates is of particular interest. Unfortunately, our series included only eight such neonates, with widely spread HC values, and therefore their findings could not be analyzed. Future studies are needed to conclude whether the sparing of HC in this subgroup of SGA neonates holds true also for their FL size; 3) a small sample size of neonates born before 30 wk of gestation, which renders creating separate nomograms for male and female infants unfeasible; and 4) we measured only the dimensions of the left FL; however, it would be worthwhile comparing the dimensions of the left and right FLs of neonates while referring to actual hemispheric dominance as it is delineated later on in early childhood.
CONCLUSIONS
We conclude that, using our sonographic model, neonatal FL dimensions are easily assessed. These FL measurements correlated strongly with HC, and increased significantly between 24 and 43 wk of gestation. The SFD and SCD appear to be the most appropriate candidates for routine US assessment of the neonatal FL. We speculate that early severe fetal IUGR with small HC probably implies growth restriction of the FL in the fetus. 
